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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) establishes persistent latent infection in immunocompetent hosts. Disruption
of KSHYV latency results in viral lytic replication, which promotes the development of KSHV-related malignancies in immuno-
compromised individuals. While inhibitors of classes I and II histone deacetylases (HDACs) potently reactivate KSHV from la-
tency, the role of class I HDAC sirtuins (SIRTs) in KSHYV latency remains unclear. Here, we examined the effects of inhibitors
of SIRTs, nicotinamide (NAM) and sirtinol, on KSHV reactivation from latency. Treatment of latently KSHV-infected cells with
NAM or sirtinol induced transcripts and proteins of the master lytic transactivator RTA (ORF50), early lytic genes ORF57 and
ORF59, and late lytic gene ORF65 and increased the production of infectious virions. NAM increased the acetylation of histones
H3 and H4 as well as the level of the active histone H3 trimethyl Lys4 (H3K4me3) mark but decreased the level of the repressive
histone H3 trimethyl Lys27 (H3K27me3) mark in the RTA promoter. Consistent with these results, we detected SIRT1 binding to
the RTA promoter. Importantly, knockdown of SIRT1 was sufficient to increase the expression of KSHV lytic genes. Accordingly,
the level of the H3K4me3 mark in the RTA promoter was increased following SIRT1 knockdown, while that of the H3K27me3
mark was decreased. Furthermore, SIRT1 interacted with RTA and inhibited RTA transactivation of its own promoter and that
of its downstream target, the viral interleukin-6 gene. These results indicate that SIRT1 regulates KSHV latency by inhibiting
different stages of viral lytic replication and link the cellular metabolic state with the KSHV life cycle.

IMPORTANCE

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causal agent of several malignancies, including Kaposi’s sarcoma, com-
monly found in immunocompromised patients. While latent infection is required for the development of KSHV-induced malig-
nancies, viral lytic replication also promotes disease progression. However, the mechanism controlling KSHV latent versus lytic
replication remains unclear. In this study, we found that class III histone deacetylases (HDACs), also known as SIRTs, whose
activities are linked to the cellular metabolic state, mediate KSHV replication. Inhibitors of SIRTs can reactivate KSHV from
latency. SIRTs mediate KSHV latency by epigenetically silencing a key KSHYV lytic replication activator, RTA. We found that one
of the SIRTs, SIRT1, binds to the RTA promoter to mediate KSHV latency. Knockdown of SIRT1 is sufficient to induce epigenetic
remodeling and KSHYV lytic replication. SIRT1 also interacts with RTA and inhibits RTA’s transactivation function, preventing
the expression of its downstream genes. Our results indicate that SIRTs regulate KSHV latency by inhibiting different stages of
viral lytic replication and link the cellular metabolic state with the KSHYV life cycle.

aposi’s sarcoma-associated herpesvirus (KSHV) is a gamma-

herpesvirus associated with several AIDS-related malignan-
cies, including Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and a subset of multicentric Castleman’s disease
(MCD). Like other herpesviruses, the life cycle of KSHV has latent
and lytic replication phases. Following primary infection, KSHV
establishes latent infection in the host cells, displaying a restricted
latent replication program. During latency, KSHV expresses only
a few viral latent genes, including latent nuclear antigen (LANA or
LNA) encoded by ORF73, vFLIP encoded by ORF72, vCyclin en-
coded by ORF71, and more than two dozen microRNAs derived
from 12 precursor microRNAs (1). Upon stimulation by specific
signals, KSHV reactivates from latency, during which it expresses
cascades of lytic genes and produces infectious virions. The KSHV
switch from latent to lytic replication is initiated by the expression
of an immediate early (IE) gene, RTA, encoded by ORF50, which
is essential and sufficient for activating the entire viral lytic repli-
cation cycle (2, 3). In KS tumors, most KSHV-infected cells are in
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a latent state, indicating the importance of this phase of viral rep-
lication in tumor development. However, lytic replication also
promotes tumor progression through an autocrine and paracrine
mechanism (1). Indeed, clinical studies have shown that KSHV
lytic replication is associated with disease incidence and progres-
sion (4-6). Thus, factors that disrupt KSHV latency and trigger
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viral lytic replication might contribute to the development of
KSHV-related malignancies.

Histone deacetylases (HDACs) repress gene transcription by
promoting highly condensed chromatin structures associated
with histone deacetylation (7). Four groups of HDACs are in-
volved in diverse cellular processes. Class I HDACs are homolo-
gous to the Saccharomyces cerevisiae yeast protein Rpd3 and con-
sistof HDAC1, HDAC2, HDAC3, and HDACS, while HDACs 4 to
7 and HDACY, which correspond to the Hdal yeast protein, be-
long to the class I HDACs. Class III HDAC:s, also known as sir-
tuins (SIRTs), are a class of newly discovered HDACs (8). They
have sequence similarity to Sir2, a transcriptional repressor of
yeast. The seven members of SIRTs, named SIRTs 1 to 7, are
unique in that they require NAD™ as a cofactor for their activity
(8). In particular, SIRT1 is involved in the regulation of gene ex-
pression, cellular metabolism, and the stress response through
interaction with a variety of proteins. SIRT1 preferentially
deacetylates histone H3 at lysines 9 and 14 (H3K9 and H3K14)
and histone H4 at lysine 16 (H4K16), leading to chromatin con-
densation and transcriptional repression (9). SIRT1 also regulates
anumber of nonhistone proteins, including p53 and FOXO3, thus
linking cellular metabolism to apoptosis and the stress response
(10-12). SIRTs exhibit biochemical features different from those
of class T and Il HDACs and are insensitive to their inhibitors, such
as sodium butyrate (NaB) and trichostatin A (TSA). Similarly,
specific inhibitors of SIRTSs, such as nicotinamide (NAM), the
amide of vitamin B, and sirtinol, do not inhibit deacetylation of
class T and IT HDAC:s.

KSHYV latent and lytic replication phases are tightly associated
with histone posttranslational modifications. During latent infec-
tion, the RTA promoter is associated with hypoacetylated histones
(13). Class I and II HDACs have been shown to regulate KSHV
latent and lytic replication. NaB and TSA induce latently KSHV-
infected cells into lytic replication (13-15). Treatment with NaB
leads to histone hyperacetylation and subsequent chromatin re-
modeling in the RTA promoter, resulting in the induction of RTA
expression (13). However, there is so far no report on the role of
class III HDAC:s in the KSHYV life cycle. In this study, we investi-
gated the effect of inhibitors of SIRTs, NAM and sirtinol, on
KSHYV reactivation from latency in PEL cell lines. We demonstrate
that treatment with NAM or sirtinol can efficiently reactivate
KSHYV from latency. In addition, we show SIRT1 binding to the
RTA promoter. Knockdown of SIRT1 can increase the expression
of KSHYV lytic genes. Consistent with these results, we detected
increased histone H3 trimethyl Lys4 (H3K4me3) mark and de-
creased histone H3 trimethyl Lys27 (H3K27me3) mark levels in
the RTA promoter following SIRT1 knockdown. Finally, we show
that SIRT1 inhibits RTA transactivation of its own promoter and
that of its downstream target, the viral interleukin-6 (vIL-6; ORF-
K2) gene. Together, our findings illustrate a role of SIRTs in mul-
tiple steps of KSHV replication and provide a link between cellular
metabolism and the KSHYV life cycle.

MATERIALS AND METHODS

Cell culture and reagents. KSHV-positive PEL cell lines BCP-1, BC-3,
and BCBL-1 were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS). BCBL-1-BAC36 cells harboring recombi-
nant KSHV bacterial artificial chromosome 36 (BAC36) were previously
described (16). 293T cells were grown in Dulbecco modified Eagle me-
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dium with 10% FBS. NAM, sirtinol, and NaB were purchased from Sigma
(St. Louis, MO).

Plasmids and transfection. Plasmids pcDNA3Flag-RTA and
pcDNAMyc-His-RTA were previously described (17). Luciferase re-
porter constructs pRp-luc and pvIL-6-luc were kindly provided by Ren
Sun of the University of California at Los Angeles, Los Angeles, CA. pRp-
luc contains a 3-kb upstream RTA promoter sequence (18), while pvIL-
6-Luc contains a 3.2-kb upstream vIL-6 promoter sequence (19). Plas-
mids pLTc-luc and pcDNA4ToSIRT1 were obtained from Angus C.
Wilson and Danny Reiberg of New York University School of Medicine,
New York, NY, respectively. Transfection was performed using Lipo-
fectamine 2000 according to the instructions of the manufacturer (Invit-
rogen, Carlsbad, CA).

shRNA knockdown of SIRT1. Knockdown with short hairpin RNAs
(shRNAs) was performed as previously described (20). Briefly, cells in-
fected with lentiviruses for 3 days were collected and used for examining
the expression of proteins and mRNAs and chromatin immunoprecipita-
tion (ChIP) assay. The SIRT1 shRNA knockdown sequences were GCGG
GAATCCAAAGGATAATT for shRNA1 and GCTTGATGGTAATCAGT
ATCT for shRNA2, both of which were cloned into the pLKO.1 lentiviral
vector (Addgene, Cambridge, MA). Lentivirus production and infection
were carried out as previously described (20).

Luciferase reporter assay. The luciferase reporter assay was per-
formed as previously described (21). The luciferase reporter of RTA or
vIL-6 or a latent LANA promoter, (3-galactosidase expression plasmid
pSV-B-gal (Promega, Madison, WI), a SIRT1 expression plasmid, or a
control plasmid was cotransfected into 293T cells cultured in 6-well
plates. To determine if NAM can reverse the effect of SRIT1, NAM was
added to reach a concentration of 10 mM at 12 h posttransfection. Re-
porter activities were determined at 48 h posttransfection using a lucifer-
ase assay system (Promega, Madison, WI). The B-galactosidase expres-
sion plasmid was used in the cotransfections to normalize the transfection
efficiency. All data are presented as averages and standard deviations from
three independent experiments.

RNA isolation and RT-qPCR. Total RNA extraction and cDNA syn-
thesis were carried out as previously described (22). Reverse transcription
(RT)-quantitative real-time PCR (qPCR) was performed with an ABI
Prism 7900 system and SYBR green Tag polymerase mix (Applied Biosys-
tems). Primers for RT-qPCR and the method for quantification of gene
expression were previously described (22).

IFA. KSHYV lytic proteins ORF59 and ORF65 were detected by immu-
nofluorescence assay (IFA) as previously described (23). The RTA protein
was detected with an RTA polyclonal antibody kindly provided by Ke Lan
at the Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shang-
hai, China.

Confocal microscopy. Confocal microscopy was used to examine the
colocalization of RTA and SIRT1. The procedures for confocal micros-
copy were previously described (24). Myc-RTA and Flag-SIRT1 proteins
coexpressed in 293T cells were detected using anti-Myc and anti-Flag
mouse monoclonal antibodies (Sigma), respectively. Endogenous RTA
and SIRT1 proteins in BCBL-1 cells were detected with a SIRT1 antibody
purchased from EMD Millipore Corporation (Billerica, MA) and the RTA
antibody described above.

Western blotting. Western blotting was carried out as previously de-
scribed (23). A monoclonal antibody was used to detect ORF65 (22),
while the RTA and SIRT1 proteins were detected with the antibodies
described above. Rabbit polyclonal antibodies were used to detect histone
H3, histone H4, acetyl-histone H3, and acetyl-histone H4 (EMD Milli-
pore Corporation). A monoclonal antibody to 3-tubulin was from Sigma.

Titration of infectious virions and quantification of virus particles
by qPCR. Supernatants from uninduced BCBL-1 cells or BCBL-1 cells
treated with NAM, sirtinol, and NaB for 4 days were collected and filtered
through 0.45-pwm-pore-size filters. The filtered supernatants were then
used to infect rat mesenchymal precursor cells (MM cells) to quantify the
relative virus titers as previously described (25, 26).
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FIG 1 Treatment with NAM or sirtinol increases the expression of KSHV lytic transcripts. (A to C) Expression of KSHV transcripts in BCBL-1 cells following
treatment with NAM (A), sirtinol (B), and NaB (C). (D) Expression of the RTA transcript in BCP-1 and BC-3 cells following treatment with NAM. Cells were
treated with the indicated concentrations of the chemicals for 48 h. Viral transcripts were detected by RT-qPCR, and their levels of expression were normalized
to the level of expression of cellular GAPDH. Experiments were repeated three times, and results are shown as averages and standard deviations, with the value

for untreated cells being set equal to 1.

Virus particles were also measured by qPCR. The filtered supernatants
were treated with DNase for 30 min at 37°C to remove the free DNA. Virus
DNA was extracted and used for qPCR using primers 5'-TCCGGCGGA
TATACCGTCAC-3" and 5'-GGTGCAGCTGGTACAGTGTG-3" de-
signed from ORF73. The relative virus genome copy number was calcu-
lated by use of the amount of DNA from uninduced cells set equal to 1.

Coimmunoprecipitation (co-IP). To detect an RTA and SIRT1 inter-
action, 293T cells transfected with RTA and SIRT1 expression plasmids
for 48 h were lysed in a lysis buffer containing 50 mM Tris-HCI, 150 mM
NaCl, EDTA, 1% Triton X-100, and a cocktail of protease inhibitors
(Sigma). The cleared lysate was precipitated with either mouse anti-Flag
M2 agarose (Sigma) or the anti-Myc antibody (Sigma), followed by incu-
bation with protein G agarose beads (Sigma) to capture the protein-anti-
body complexes. Western blotting was used to detect either Flag-tagged
SIRT1 or Myc-tagged RTA.

Similar co-IP procedures were used to detect the RTA and SIRT1
interaction in BCBL-1 cells. In addition to the SIRT1 and RTA antibodies
described above, two other RTA polyclonal antibodies were also used in
these experiments. One was kindly provided by Charles Wood at the Uni-
versity of Nebraska—Lincoln, Lincoln, NE, while the second one was
kindly provided by Gary Hayward at Johns Hopkins University, Balti-
more, MD.

ChIP assay. Untreated BCBL-1 cells and BCBL-1 cells treated with
NAM and NaB for 12 h were collected for ChIP assays as previously de-
scribed (27) using the antibodies to acetyl-histone H3 and acetyl-histone
H4 (EMD Millipore Corporation). The immune complexes were eluted in
an elution buffer containing 1% SDS and 0.1 M NaHCOj. The eluted and
input samples were incubated at 65°C overnight to achieve reverse cross-
linking and purified using a QIAquick PCR purification kit (Qiagen, Va-
lencia, CA). ChIP DNA was amplified by semiquantitative PCR using
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primers 5'-GGTACCGAATGCCACAATCTGTGCCCT-3" and 5'-ATGG
TTTGTGGCTGCCTGGACAGTATTC-3' for locus 1 of the RTA pro-
moter and primers 5'-GGTACCGAATGCCACAATCTGTGCCCT-3'
and 5'-ATGGTTTGTGGCTGCCTGGACAGTATTC-3’ for locus 2 of the
RTA promoter (13). The LANA promoter was amplified using primers
5'-CCAGACTCTTCAACACCTATGCG-3" and 5'-GGATGATCCCACG
TAGATCGG-3'. Primers for GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) were 5'-TACTAGCGGTTTTACGGGCG-3" and 5'-TCGA
ACAGGAGGAGCAGAGAGCGA-3'. The amplified PCR product was
analyzed by agarose gel electrophoresis and ethidium bromide staining.
The ChIP products were also analyzed by quantitative real-time PCR
(ChIP-qPCR) as previously described (17).

ChIP assays were also carried out with antibodies to SIRT1, histone H3
trimethyl Lys4 (H3K4me3), and histone H3 trimethyl Lys27 (H3K27me3)
(EMD Millipore Corporation). The products were analyzed by ChIP-
qPCR using primers for the RTA promoter (5'-AAAGTCAACCTTACTC
CGCAAG-3" and 5-GCTGCCTGGACAGTATTCTCAC-3') and the
LANA promoter (5'-CTTAACACAAATCATGTACA-3" and 5'-GCAGC
TTGGTCCGGCTGACT-3").

RESULTS

NAM and sirtinol increase the expression of KSHV lytic tran-
scripts. To examine the role of class IIl HDACs in KSHV lytic
replication, we treated BCBL-1-BAC36 cells with 0, 5, and 10 mM
NAM for 48 h. RT-qPCR showed that the expression of the KSHV
IE lytic gene RTA was increased in a dose-dependent fashion, with
the increase reaching 85-fold at 48 h posttreatment (Fig. 1A). As
expected, KSHV lytic genes ORF45, MTA (ORF57), and ORF59 as
well as latent gene LANA were also induced in a dose-dependent
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FIG 2 Treatment with NAM or sirtinol increases the expression of KSHV lytic proteins. (A to F) IFA detection of KSHV lytic proteins RTA (A and B), ORF59
(Cand D), and ORF65 (E and F) following treatment with NAM, sirtinol, or NaB. BCBL-1 cells treated with 10 mM NAM, 10 wM sirtinol, or 0.3 mM NaB were
subjected to IFA staining (A, C, and E) (DAPI, 4’,6-diamidino-2-phenylindole). The percentages of RTA-, ORF59-, and ORF65-positive cells are represented by
the averages and standard deviations calculated from eight random fields (B, D, and F). (G and H) Western blot analysis of RTA and ORF65 proteins following
treatment with NAM, sirtinol, or NaB. BCBL-1 cells treated with the indicated concentrations of NAM and 0.3 mM NaB (G) or 10 uM sirtinol (H) for the
specified times were harvested and examined for the expression of RTA and ORF65 proteins using (3-tubulin as a loading control.

manner. Consistent with these results, the expression of KSHV
lytic genes was increased when BCBL-1-BAC36 cells were treated
with 10 wM sirtinol, another inhibitor of class III HDACs (Fig.

B). These results were similar to those obtained with inhibitor of
class I and II HDACs NaB (Fig. 1C). Examination of two other
KSHV-infected cell lines, BCP-1 and BC-3, confirmed that NAM
also induced the expression of the RTA transcript in these cells
(Fig. 1D), indicating that the effects of inhibitors of class III
HDACs on the expression of KSHV lytic genes is not cell line
specific.
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NAM and sirtinol increase the expression of KSHV lytic pro-
teins. We further examined the effect of NAM on the expression
of KSHV lytic proteins. Untreated BCBL-1-BAC36 cells had low
levels of spontaneous lytic replication, with 1.6%, 3%, and 2% of
the cells expressing the RTA, ORF59, and ORF65 proteins, respec-
tively (Fig. 2A to F), as previously reported (28). A chemical in-
ducer can increase the expression of lytic proteins and the produc-
tion of infectious virions (29, 30). The expression kinetics of each
viral gene is distinct but might vary depending on the potency of
the inducer. This was evident following treatment with NAM,
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cells collected at the end of induction were filtered and subjected to differential centrifugation to obtain virus particles. The pellets were treated with DNase to
eliminate nonspecifically attached nonvirion DNA. Viral DNA was then extracted and analyzed by qPCR.

sirtinol, and NaB (Fig. 1). As a result, the percentage of cells ex-
pressing a lytic protein might vary from 2- to 10-fold, depending
on when it is examined following the lytic induction (29, 30).
Treatment with NAM and sirtinol for 48 h increased the propor-
tion of RTA-positive cells to 6.5% and 5.7%, respectively (Fig. 2A
and B), that of ORF59-positive cells to 7.6% and 5.8%, respec-
tively (Fig. 2C and D), and that of ORF65-positive cells to 9.8%
and 3.3%, respectively (Fig. 2E and F). These results were in the
same ranges of those for cells treated with NaB, which had 11.9%,
8.1%, and 4.8% RTA-, ORF50-, and ORF65-positive cells, respec-
tively (Fig. 2A to F). Western blotting showed that RTA and
OREF65 proteins were robustly induced following treatment with
NAM (Fig. 2G) and sirtinol (Fig. 2H). These results were in agree-
ment with those for the viral transcripts, suggesting that SIRTs
might be involved in controlling KSHYV lytic replication. Interest-
ingly, while NAM induced a higher level of the RTA transcript
than sirtinol and NaB did, it did not entirely translate into higher
levels of lytic proteins (Fig. 2).

NAM and sirtinol increase the production of KSHV infec-
tious virions. KSHV BAC36 contains a green fluorescent protein
(GFP) cassette that can be used to track the infection of cells by the
virus (16, 25). We estimated the relative yields of infectious virions
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by inoculating MM cells, which are highly susceptible to KSHV
infection (26), with supernatants from cells producing infectious
virions and subsequently counting the numbers of GFP-positive
cells (Fig. 3A). Treatment with NAM and sirtinol increased the
yields of infectious virions by 11.5- and 11-fold, respectively (Fig.
3B). We observed similar results by direct quantification of virus
particles by qPCR (Fig. 3C). While cells induced with sirtinol pro-
duced about 2-fold fewer virus particles than those induced with
NAM, they still produced 4.5-fold more virus particles than the
uninduced cells did (Fig. 3C). These results indicate that the la-
tently KSHV-infected cells induced by inhibitors of class III
HDACs complete the full viral replication cycle, resulting in the
increased production of KSHV infectious virions. Overall, the
yields of infectious virions were consistent with the expression of
all lytic proteins except the ORF65 protein (Fig. 2F).

NAM alters the status of histone acetylation at promoters of
KSHYV genes. While histone acetylation is often correlated with
activation of gene expression, histone deacetylation is linked to
transcriptional silencing. To determine the mechanism of NAM
induction of KSHV lytic genes, we first examined the total and
acetylated forms of histone H3 and histone H4 proteins following
treatment with NAM because NAM activates gene expression by
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inhibiting the deacetylase activity of SIRTs to directly affect his-
tone acetylation status (31). Treatment with NaB slightly in-
creased the acetylated forms of histone H3 and histone H4 pro-
teins but had a minimal effect on the total histone H3 and histone
H4 proteins (Fig. 4A). Treatment with NAM had almost no effect
on the total and acetylated forms of histone H3 and histone H4
proteins (Fig. 4A). We then reasoned that SIRTs might be re-
cruited to specific promoters and NAM’s effect could be observed
only at these promoters. Indeed, the levels of the acetylated forms
of histones H3 and H4 at two loci of the RTA promoter were
significantly increased (Fig. 4B). In contrast, the level of acetylated
H3 was only slightly increased in the LANA promoter, which
could be due to the slight higher level of input in the NAM-treated
cells (Fig. 4B). There was no obvious change for acetylated H4 in
the LANA promoter. The increased levels of the acetylated forms
of histones H3 and H4 in the RTA promoter were also confirmed
by ChIP-qPCR (Fig. 4C). Similarly, no obvious change in the lev-
els of the acetylated forms of histones H3 and H4 in the LANA
promoter was observed by ChIP-qPCR (Fig. 4C). NAM also did
not affect the levels of binding of the acetylated forms of histones
H3 and H4 to the promoter of the cellular GAPDH gene (Fig. 4B).
The levels of the active histone mark H3K4me3 and the repressive
histone mark H3K27me3 are directly correlated with the level of
gene expression (32). NAM increased the level of the H3K4me3
mark but decreased the level of the H3K27me3 mark in the RTA
promoter but not LANA promoter (Fig. 4D). Similar results were
also obtained with NaB treatment. These results indicate that the
enhanced RTA transcription is associated with the acetylation sta-
tus of histone H3 and histone H4 at its promoter and SIRT's might
regulate KSHV latency by maintaining a low level of the active
histone H3K4me3 mark and a high level of the repressive histone
H3K27me3 mark in the RTA promoter. In contrast, SIRTs were
unlikely to be involved in the regulation of the LANA promoter.
SIRT1 mediates KSHV latency. We further searched for indi-
vidual SIRTs that might regulate KSHV latency and identified
SIRT1, which bound to both the RTA and LANA promoters (Fig.
5A). To determine if SIRT1 mediated epigenetic silencing of
KSHV lytic genes, we performed shRNA knockdown of SIRT1
(Fig. 5B and C). Significantly, knockdown of SIRT1 alone was
sufficient to increase the expression of KSHV lytic transcripts RTA
and ORF65 but had a marginal effect on the expression of the
LANA transcript (Fig. 5C). Knockdown of SIRT1 also increased
the expression of the ORF65 protein (Fig. 5B). Consistent with
these results, knockdown of SIRT1 increased the level of the
H3K4me3 mark but decreased the level of the H3K27me3 mark in
the RTA promoter (Fig. 5D) but had no effect on the level of the
LANA promoter (Fig. 5E). Together, these results indicate that
SIRT1 mediates KSHV latency by maintaining a low level of the
active histone H3K4me3 mark and a high level of the repressive
histone H3K27me3 mark in the RTA promoter. However, SIRT1
was not involved in the regulation of the LANA promoter.
SIRT1 inhibits RTA-mediated transactivation, which is re-
versed by NAM. Induction of RTA usually leads to the activation
of other KSHV lytic genes and lytic replication (3, 33). RTA also
activates its own promoter, resulting in the amplification of the
Iytic cascade. We examined if SIRT1 regulates RTA autoactivation
of its own promoter and transactivation of its downstream genes
in reporter assays. Expression of SIRT1 had no obvious effect on
the reporter activity of the RTA promoter (Fig. 6A and B). As
expected, expression of RTA increased the reporter activity of the
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RTA promoter by 7.8-fold. However, expression of SIRTI re-
pressed RTA transactivation of its own promoter in a dose-depen-
dent fashion (Fig. 6A). Similar results were obtained with the
vIL-6 promoter reporter, though SIRT1 increased the reporter
activity without the presence of RTA (Fig. 6C and D). Expression
of RTA increased the reporter activity of the vIL-6 promoter by
30-fold, which was repressed by SIRT1 in a dose-dependent fash-
ion. At the highest dose used, SIRT1 repressed the activities of the
RTA and vIL-6 promoters by 41% and 52%, respectively. Inter-
estingly, coexpression of SIRT1 with RTA decreased the expres-
sion level of the SIRT1 protein (Fig. 6B and D). This was likely due
to RTA’s ubiquitin E3 ligase activity, which has been shown to
promote the ubiquitination and degradation of cellular proteins
(34). It is possible that any RTA-mediated degradation of the
SIRT1 protein could alleviate SIRT1 repression of the RTA trans-
activation function. In contrast to the RTA and vIL-6 promoters,
areporter of the constitutively active LANA latent promoter pLTc,
which was unresponsive to RTA, was only marginally affected by
SIRT1 with or without the presence of RTA (Fig. 6E and F). To-
gether, these results indicate that SIRT1 represses RTA-mediated
transactivation of its downstream genes. Importantly, SIRT1 re-
pression of RTA transactivation of the vIL-6 promoter reporter
was relieved by NAM (Fig. 6G and H), further confirming that
SIRT’s deacetylase activity is involved in inhibition of the RTA-
mediated transactivation function.

SIRT1 interacts with RTA. RTA activation of its downstream
genes requires acetylation of histones on their promoters and
opening of their associated chromatins. To determine how
SIRT’s deacetylation activity might inhibit the RTA transactiva-
tion function, we examined the SIRT1 and RTA protein interac-
tion. RTA coimmunoprecipitated SIRT1 in 293T cells cotrans-
fected with the expression plasmids of these two proteins (Fig.
7A). Similarly, SIRT1 efficiently coimmunoprecipitated RTA (Fig.
7B). Furthermore, SIRT1 and RTA were partially colocalized in
the same nuclear compartment in 293T cells cotransfected with
the SIRT1 and RTA expression plasmids (Fig. 7C). Unfortunately,
we were not able to observe the SIRT1 and RTA interaction by
co-IP in KSHV-infected BCBL-1 cells, albeit many attempts were
made (data not shown). Nevertheless, SIRT1 and RTA colocaliza-
tion was observed in BCBL-1 cells (Fig. 7D). NAM treatment did
not affect either the staining patterns of RTA and SIRT1 or their
interaction pattern (data not shown). These results indicate that
SIRT1 may be associated with RTA to mediate its function. How-
ever, the mechanism of SIRT1 inhibition of RTA transactivation
might be complex, possibly involving other unidentified viral and
cellular factors.

DISCUSSION

KSHYV reactivation from latency is a complex process that requires
fine-tuning of the sequential expression of viral lytic genes (1).
During latency, KSHYV lytic genes are epigenetically silenced (13,
35, 36). Several viral latent products are involved in the control of
KSHYV latency by directly or indirectly recruiting cellular repres-
sion complexes to the viral genome (22, 23, 37-40). The efficient
switch of KSHV from latency to lytic replication requires the dis-
ruption of the repressive signals. While a numbers of factors, in-
cluding hypoxia, coinfection by other viruses, activation of Toll-
like receptors, proinflammatory cytokines, and the reactive
oxidative species hydrogen peroxide, have been shown to disrupt
viral latency and induce KSHV lytic replication (30, 41-46), addi-
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FIG 4 Treatment with NAM induces the hyperacetylation of histones, increases the level of the active histone H3K4me3 mark, and decreases the level of the
repressive histone H3K27me3 mark in the RTA promoter. (A) BCBL-1 cells were treated with the indicated concentrations of NAM or 0.3 mM NaB for 24 h and
examined for the total and acetylated forms of histone H3 and histone H4 proteins by Western blotting. (B) Quantification of acetylated histones H3 and H4 in
RTA and LANA promoters by ChIP-PCR assay. BCBL-1 cells treated with 10 mM NAM for 8 h were subjected to ChIP with an antibody to acetylated histone H3
(anti-acetyl-H3) or histone H4 (anti-acetyl-H4) or a control antibody. The immunoprecipitated DNAs were amplified by semiquantitative PCR for two loci in
the RTA promoter, one locus in the LANA promoter, or one locus in the GAPDH intergenic region. (C) Quantification of acetylated histones H3 and H4 in the
RTA and LANA promoters by ChIP-qPCR assays. Cells were treated as described in the legend to panel B, and the ChIP DNAs were quantified by qPCR. (D)
Quantification of the H3K4me3 and H3K27me3 marks in RTA and LANA promoters by ChIP-qPCR assays. ChIP assays were performed with cells treated as
described in the legend to B using an antibody to H3K4me3 or H3K27me3 or a control antibody. The ChIP DNAs were quantified by qPCR.
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FIG 5 SIRT1 mediates KSHV latency. (A) SIRT1 binds to both RTA and LANA promoters. ChIP-qPCR was performed with BCBL-1 cells using an antibody to
SIRT1 and a control antibody. (B) Short hairpin RNA knockdown of SIRT1 induces the expression of KSHV lytic protein ORF65. BCBL-1 cells infected with
lentiviruses expressing shRNAs to SIRT1 or a scrambled control shRNA for 3 days were examined for the expression of SIRT1 and ORF65 proteins by Western
blotting. (C) Expression of SIRT1, RTA, ORF65, and LANA transcripts in BCBL-1 cells following knockdown of SIRT1, as described in the legend to panel B. Viral
transcripts were detected by RT-qPCR, and their levels were normalized to the level of cellular GAPDH. (D and E) Quantification of the H3K4me3 and
H3K27me3 marks in RTA (D) and LANA (E) promoters by ChIP-qPCR assays following SIRT1 knockdown. Cells infected with lentiviruses expressing shRNAs
to SIRT1 or a scrambled control shRNA as described in the legend to panel B were subjected to ChIP using an antibody to H3K4me3 or H3K27me3 or a control

antibody. The ChIP DNAs were quantified by gPCR.

tional physiological signals that can trigger KSHV replication re-
main to be elucidated. In this study, we have demonstrated that
inhibitors of class III HDACs, NAM and sirtinol, can efficiently
reactivate KSHV from latency. Furthermore, we have shown that
SIRT1 binds to both RTA and LANA promoters. Knockdown of
SIRT1 is sufficient to reactivate KSHV from latency. These results
indicate that SIRTS, or at least SIRT1, are likely involved in the
control of KSHV latency and efficient KSHV reactivation from
latency would likely require the inhibition of its activity.

SIRTs are closely linked to gene regulation and involved in a
broad range of cellular functions, including cell survival, the stress
response, tumorigenesis, and metabolism of glucose and fat (47).
The deacetylase activity of SIRTs is distinct from that of the con-
ventional class T and Il HDAGCs, in that it is dependent on NAD ™ as
a cofactor for its activity, which in turn links its enzymatic activity
to the cellular abundance of NAD". NAD™" and NADP " along
with their reduced forms, NADH and NADPH, respectively,
which serve as electron-donating and -accepting coenzymes, re-
spectively, are critical for many cellular processes related to cellu-
lar metabolism and energy production. It is not surprising that
NAD™ has an essential role in glycolysis, fat utilization, and pro-
tein deacetylation (48). Our results, for the first time, link class ITI
HDAGC: to the regulation of KSHV latency and reactivation. Be-
cause the deacetylase activity of SIRTSs is regulated by cellular
NAD™ concentrations, these results also link the cellular meta-
bolic state to KSHV latency and reactivation.
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Posttranslational modification of histones represents an im-
portant mechanism for regulating gene expression in mammalian
cells. In general, chromatin remodeling as a result of histone acet-
ylation is associated with transcription activation, while histone
deacetylation often results in a repressive chromatin structure
corresponding to transcriptional repression. RTA, as a transacti-
vator of KSHYV lytic genes and lytic replication, plays a central role
in the switch of KSHV from latency to lytic replication. In latently
KSHV-infected cells, the expression of RTA is highly controlled in
order for the virus to maintain latent infection. The chemical in-
ducer NaB, an inhibitor of class I and II HDAC:s, is able to activate
KSHYV lytic replication by inhibiting the action of HDAC:s, result-
ing in the increased acetylation of histones H3 and H4 in the RTA
promoter and the disruption of KSHV latency (13). Since NAM
inhibits the deacetylation activity of SIRTs, treatment with NAM
should alter the levels of acetylated histones in specific gene pro-
moters. While we did not detect any significant changes in total or
acetylated histones H3 and H4 following NAM treatment, we in-
deed found that the levels of acetylated histones H3 and H4 were
significantly increased in the RTA promoter, implying that SIRTs
might exert preferential deacetylation activity in specific nuclear
domains or chromatin regions. Importantly, we found that the
level of the active histone mark H3K4me3 was increased in the
RTA promoter, while that of the repressive histone mark
H3K27me3 was decreased. However, there was no detectable
change in the LANA promoter following NAM treatment. Fur-
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FIG 6 SIRT1 represses RTA transactivation in reporter assays. (A to F) SIRT1 represses RTA activation of its own promoter (A and B) and the vIL-6 promoter
(Cand D) but not LANA latent promoter LTc (E and F), as shown in reporter assays (A, C, and E) together with Western blots of the expressed RTA and SIRT1
proteins (B, D, and F). 293T cells were cotransfected with the luciferase reporter plasmid pRp-luc, pvIL-6-luc, or pLTc-luc together with RTA or without RTA
in the presence of increased doses of a SIRT1 expression plasmid. A B-galactosidase expression construct was used to calibrate the transfection efficiency. The
luciferase activity of the reporter without RTA and SIRT1 was given a value of 1. The protein extracts were also examined by Western blotting to detect the
expression of the RTA and SIRT1 proteins. (G and H) NAM relieves SIRT1’s inhibitory effect on RTA transactivation of the vIL-6 promoter. A reporter assay was
carried out as described in the legend to panel A. NAM (10 mM) was added at 5 h posttransfection. The protein extracts were also examined by Western blotting

to detect the expression of the RTA and SIRT1 proteins.

thermore, we showed that knockdown of SIRT1 increased the
level of the H3K4me3 mark and decreased that of the H3K27me3
mark in the RTA promoter but had no effect on the LANA pro-
moter. These results further confirm the involvement of SIRTS,
particularly SIRT1, in the control of KSHV latency and imply the
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potential use of inhibitors of SIRTs as agents that can disrupt
KSHV latency. Besides SIRT1, other SIRT members might also
regulate KSHV latency. SIRTs usually do not directly bind to chro-
matins, and their recruitment to specific chromatin domains is
likely mediated by other chromatin-associated transcription fac-
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FIG 7 SIRT1 interacts with RTA. (A and B) Mutual coimmunoprecipitation of the SIRT1 and RTA proteins. (A) SIRT1 was coimmunoprecipitated by RTA; (B)
RTA was coimmunoprecipitated by SIRT1. 293T cells were cotransfected with plasmids expressing Flag-His-SIRT1 and Myc-His-RTA. The whole-cell lysates
were coimmunoprecipitated with agarose beads coated with an antibody to the Myc tag or Flag tag or control IgG. SIRT1 or RTA was detected by Western blotting
(WB) with an antibody to the Myc tag, Flag tag, or His tag. IP, immunoprecipitation. (C) Detection of SIRT1 and RTA colocalization following transient
coexpression in 293T cells. 293T cells cotransfected with plasmids expressing Flag-SIRT1 and Myc-RTA were stained with antibodies to the Flag tag and Myc tag
and analyzed with a confocal microscope. Nuclei were counterstained with DAPT (4',6-diamidino-2-phenylindole). (D) Detection of SIRT1 and RTA colocal-
ization in KSHV-infected BCBL-1 cells. BCBL-1 cells were treated with 10 mM NAM, stained for SIRT1 and RTA proteins, and analyzed with a confocal

microscope. Nuclei were counterstained with DAPIL.

tors. LANA mediates epigenetic silencing of the KSHV genome by
recruiting cellular repressors MECP2 and Dnmt3a (37-39). Thus,
SIRTs, particularly SIRT1, can be recruited to KSHV chromatin
by interacting with LANA or any of these cellular proteins.

It is interesting that treatment with NAM or knockdown of
SIRT1 had differential effects on the promoters of RTA and LANA
and the expression of their genes. However, this is not surprising,
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as there are distinct chromatin boundaries surrounding KSHV
latent and lytic loci tightly regulated by cohesins and CTCF (49).
These chromatin insulators may coordinate with active and re-
pressive complexes, which likely include SIRTs, to regulate the
expression of viral genes.

Efficient KSHV replication requires RTA’s optimal transac-
tivation function. RTA transactivates its downstream genes
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through direct or indirect binding to their promoters (1). RTA
also autoregulates its own promoter through interaction with cel-
lular factors, such as CBP, Oct-1, and RBPJK (50-52), resulting in
the amplified expression of lytic genes. RTA’s transactivation
function would need to be repressed in order for KSHV to estab-
lish and maintain a successful latent infection. Indeed, a number
of viral and cellular factors, such as LANA, K-bZIP (ORF-KS8),
poly(ADP-ribose) polymerase 1 (PARP-1), HDACI, and Ste20-
like kinase hKFC proteins, have been reported to repress RTA’s
transactivation function (52-55). In this report, we have shown
that SIRT1 interacts and inhibits RTA’s transactivation function
in promoter reporter assays. Treatment with NAM reverses
SIRT!’s inhibitory effect on RTA’s function, suggesting a specific
and functional interaction between the two proteins. Therefore,
our results indicate that SIRTs might repress KSHV lytic replica-
tion not only during viral latency but also during active viral lytic
replication, such as during primary infection, hence promoting
the establishment of viral latency. Nevertheless, SIRT1 repression
of RTA transactivation of its own promoter was less robust than
that of the vIL-6 promoter. Consistent with these results, the re-
versal of SIRT1 repression of RTA transactivation of its own pro-
moter by NAM was not reproducible (data not shown), which
could be due to the weak repression effect of SIRT1 on RTA trans-
activation of this promoter. RTA directly binds to its own pro-
moter but not the vIL-6 promoter (17). Thus, the mechanisms of
transactivation of these two promoters by RTA are distinct, which
could determine their responses to SIRT1 and, hence, NAM treat-
ment. Indeed, our results showed that the two promoters differ-
entially responded to RTA and SIRT1 in the reporter assays under
both basal and RTA transactivation conditions (Fig. 6A to D).

SIRT1 is known to interact with a wide variety of other chro-
matin-associated transcription factors and cofactors, including
HIF-2a, PGC-1a, SUV39H1, p53, AP-1, and histone acetyltrans-
ferase p300 (10, 31, 56-59). Of interest, some of these proteins are
implicated in regulating KSHV lytic replication and mediating
RTA’s transactivation function. SIRTI can also inhibit RTA’s
function by binding to the KSHV chromatin through these fac-
tors. Recent studies have identified a number of nonhistone pro-
teins, including p53, FOXO, SUV39H1, and MyoD, as SIRT1 sub-
strates (10, 12, 31, 57). The observed SIRT1 and RTA interaction
and RTA’s increased acetylation upon treatment with NAM (un-
published data) have raised the possibility that RTA is a substrate
of SIRT1.

Of interest was the observation of a lower level of the SIRT1
protein when it was coexpressed with the RTA protein. These
results are not surprising, because RTA has ubiquitin E3 ligase
activity, which can promote the ubiquitination and degradation of
cellular proteins (34). Thus, the moderate repressive effect of
SIRT1 on RTA’s transactivation function shown in the reporter
assays of RTA and vIL-6 promoters could be attributed to the
degradation of the SIRT1 protein mediated by RTA ligase activity.
It could be speculated that, during KSHV reactivation from la-
tency, expression of the RTA protein could target SIRT1 for deg-
radation, which would further break SIRT1’s control of KSHV
latency, leading to positive amplification of the viral lytic replica-
tion program. Given that LANA and RTA are key proteins in
mediating KSHV latent and lytic replication, further characteriza-
tion of the interaction of SIRT1 with LANA and RTA could pro-
vide a better understanding of how the cellular metabolic state
might regulate the KSHV life cycle.
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